Resistance of rodents to anticoagulant rodenticides has emerged in several areas across the world. Single nucleotide mutations in the vkorc1 gene have been shown to elicit various levels of anticoagulant resistance, and these mutations are prevalent in several Rattus and Mus musculus populations. In sub-Saharan Africa, the Natal multimammate mouse, Mastomys natalensis, is one of the most damaging pests to crops, and anticoagulant poisons such as bromadiolone are frequently used to control these rodents in agricultural fields. Here, we investigate if vkorc1 shows any polymorphism in natural populations of M. natalensis. We sequenced the third exon of vkorc1 of 162 M. natalensis captured from 14 different agricultural sites in Morogoro Region, Tanzania. In addition to 6 SNPs in the noncoding flanking region, we detected 3 nonsynonymous SNPs in this exon: 10 animals (6.2%) carried a Leu108Val variant, 2 animals (1.2%) an Ala140Thr variant, and 1 animal (0.6 %) an Arg100His variant, all 3 in heterozygous form. Ala140Thr is just one residue from a mutation known to be involved in anticoagulant resistance in Rattus and Mus. While in vitro or in vivo experiments are needed to link vkorc1 genetic polymorphisms to level of VKOR activity and anticoagulant susceptibility, our results suggest that M. natalensis individuals may vary in their response to anticoagulant rodenticides. This is the first vkorc1 sequence data from a species outside the Rattus or Mus genera, and for the first time from a rodent species endemic to Africa.
Europe (Boyle 1960; Rowe and Redfern 1965; Greaves 1985) . Specific singular amino acid mutations, particularly in the third exon of the first subunit (vkorc1), have been shown to change VKOR activity and to elicit warfarin resistance in different Rattus species (Rost et al. 2004; Huang et al. 2011; Tanaka et al. 2012 ) and in Mus musculus (Pelz et al. 2012) . These mutations are also prevalent in most of the investigated populations of R. norvegicus and Mus musculus in Europe (Rost et al. 2004; Grandemange et al. 2010) , and in R. rattus, R. flavipectus, and R. losea in Asia (Wang et al. 2008; Huang et al. 2011; Tanaka et al. 2012) . The mutations have likely emerged and spread because of the strong selection pressure posed by these poisons, coupled with the relatively few genetic changes necessary to change VKOR activity (Rost et al. 2009 ). The vkorc genes are strongly evolutionary conserved among arthropods and vertebrates, although natural single-nucleotide polymorphisms (SNPs) in vkorc1 are known to occur in humans (Rost et al. 2004) .
Tropical developing countries probably experience the greatest impact from rodents; not only from commensal species but also from field rodents that consume and damage agricultural crops (Makundi et al. 1999) . The economic impact is especially great for the many small-scale and low-resource farmers (Makundi et al. 1999 ). However, most scientific reports of anticoagulant resistance come from Europe, North America, and China (Pelz et al. 2005; Wang et al. 2008; Huang et al. 2011 ) and focus on commensal Rattus and Mus species, against which these rodenticides have been developed.
Mastomys natalensis is the most widespread and abundant rodent pest species of sub-Saharan Africa (Leirs 2013) . In West Africa, it displays semi-commensal behavior and hosts Lassa virus, which infects and kills thousands of humans annually (WHO 2005) . In eastern and southern Africa, M. natalensis is the dominant rodent species in agriculture, and causes damage to all types of crops, both in the field and to the stored harvest (Mwanjabe et al. 2002) .
Like for Mus musculus and several other rodent species, the baseline susceptibility of M. natalensis and Mastomys coucha to warfarin is much less than that for R. norvegicus (Kilonzo et al. 1985; Gill 1992 ). On the other hand, the susceptibility to bromadiolone (a second-generation anticoagulant) is comparable between most rodent species, including between M. coucha and R. norvegicus (LD 99 4-5 days) (Gill 1992) . In Tanzania, rodenticides have been used to control M. natalensis in agricultural fields for several decades (Kilonzo et al. 1985) . During severe rodent population outbreaks, government-funded control actions are executed with bromadiolone and zink-phosphide (a nonanticoagulant poison) across large areas, and most Tanzanian farmers claim they apply these rodenticides on fields just before planting of maize seeds (Makundi et al. 1999 (Makundi et al. , 2005 .
In general, rodenticides in agricultural fields are thought to pose a lower selection pressure than in commensal settings, because of the lower spatial concentration of the poison and the relative ease of recolonization from surrounding fields (Buckle 1999) . Low-prevalent resistance might therefore be difficult to detect in field settings. Nevertheless, resistance has been reported in the field rats R. losea (Wang et al. 2008) and R. flavipectus (Huang et al. 2011) in China (although these 2 may also occur commensally) and in the marsh rat Holochilus brasiliensis in Guyana (Bates 1963) . Moreover, VKORC enzymatic activity of water voles (Arvicola terrestris scherman) from localities in France where bromadiolone is used extensively was less inhibited by warfarin (measured in vitro) than the enzymatic activity of voles from untreated localities, indicating selection for anticoagulant resistance may be acting in these bromadiolone-exposed field rodents (Vein et al. 2011) .
Vkorc1 nucleotide sequences from random field rodent samples can provide insights into potential functional and nonfunctional VKORC protein diversity in populations. In this study, we investigate the standing variation of the exon 3 and flanking region of the vkorc1 gene in natural M. natalensis populations in Tanzania that are regularly subject to rodenticide use.
Methods

Sample Collection
We captured small mammals in 25 sites across 4 rural localities (Dakawa, Mkundi, Mikese, and Bwawani) and 1 urban locality (Morogoro) (Figure 1 ) in the Morogoro region of Tanzania. At each site, 100 Sherman live traps, baited with peanut butter mixed with maize flour, were laid out evenly in a 10 × 10 grid of 1 ha. Animals were either killed by isoflurane overdose and subsequently dissected, or sedated, toe clipped and subsequently released. Liver or toe samples were preserved in ethanol before further processing.
Vkorc1 Exon 3 Genotyping
A total of 528 M. natalensis were captured, of which a random subset of 162 animals were genotyped for the third exon of the vkorc1 gene. We extracted the DNA with Qiagen DNeasy™ Blood & Tissue Kit according to the manufacturer's instructions. To amplify the third exon of vkorc1 and part of its flanking region, we performed a nested PCR using Phusion TM high-fidelity DNA polymerase kit (Finnzymes) with dNTP's in 0.2 µM final concentration and primers (pol1F 5′-TGCCTCTGCCATCTGAGAGCTGGG-3′ and pol3R 5′-CCAGTTCYAGAGAAGGCAGT-3′ for the first run and primers pol2F 5′-CCCTGGTTGTCCTGGAGCTCA-3′ and Rr 2 -R 5′-CAGACTTGACCAACATAGAA-3′ [(Diaz et al. 2010) for the second run] in 0.3 µM final concentration. Template DNA consisted of 10% of the PCR mix for the first run and 3.3% for the second run. Both PCRs ran under these cycling conditions: 1 cycle at 98 °C (30 s), 40 cycles of 98 °C (5 s), 52 °C (30 s), 72 °C (60 s), and lastly 1 cycle at 72 °C (5 min). PCR products of the second run were Sanger sequenced in both directions at the Vlaams Instituut voor Biotechnologie (VIB, Antwerp, Belgium).
Sequences were of a total length of 743 base pairs, but were trimmed to 650 base pairs to be able to call all bases from each chromatogram. They were then aligned in Geneious 6.1.7 with vkorc1 sequences of Rattus and Mus species available in GenBank. The third exon was translated in Geneious 6.1.7.
Species Identification by Cytochrome b Sequencing
Animals selected for vkorc1 genotyping were molecularly confirmed to be M. natalensis (as opposed to a morphologically similar species) by sequencing a portion of the mtDNA cytochrome b gene, following a PCR using primers L14723 and H15915 (Lecompte et al. 2002) in a 0.02 µM concentration, using 1× Buffer (GoTaq ® Flexi Buffer, Promega), 0.1µM MgCl 2 , 0.02 µM dNTP (Fermentas) and 1.35 units GoTaq ® DNA Polymerase (Promega). Amplicons were sequenced using the L14723 primer at the VIB.
Statistical Analyses
We compared allele frequencies of vkorc1 SNPs in the different localities by constructing generalized mixed models with "locality" as a fixed effect and "grid" as a random effect nested in "locality", using the lme4 package in R (Bates and Maechler 2013) . We then compared this full model with a reduced model without the locality fixed effect using an analysis of variance. We tested this for the alleles that were present in at least 10 animals (see Table 1 ).
Observed heterozygosity (Ho) and within-population gene diversity (Hs, "expected" heterozygosity) were calculated in the R package hierfstat (Goudet 2005) , and deviations between these were estimated by performing a Hardy-Weinberg equilibrium test using the R package adegenet (Jombart 2008) .
Data Archiving
The nucleotide sequences (650 bp) of the 10 different vkorc1 haplotypes were deposited in GenBank (accession numbers KP195270-KP195279).
A subset of the partial cytochrome b sequences were deposited in GenBank, accession numbers: KF779524-KF779528, KF779530-KF779535, KF779539-KF779540, KF779550-KF779555, KF779564-KF779566, KF779568, KF779570-KF779575, KF7795777-KF779578, KF779586-KF779590, KF779592-KF779597, KF779599-KF779600, KF779602-KF779605, KF779609-KF779611, KF779614, KF779616-KF779623, KF779625, KF779627-KF779628, KF779630-KF779631, KF779634-KF779644, KF779646, KF779781, KF779783, KF779785, KF779787, KF779788, KF779790, KF779791, KF779793, KF779794, KF779796-KF779799, KF779833-KF779849, KF779864-KF779868.
Results
A total of 10 different haplotypes were detected in the 162 M. natalensis samples sequenced for a 650 bp region across the third exon of vkorc1 (Table 1) .
We here denote vkorc1 sequence nucleotide positions as numbers from 1 to 650 of this particular nucleotide sequence; amino acid positions of VKORC1 protein are denoted according to homologous residue positions of R. norvegicus and Mus musculus.
All selected individuals were confirmed to be M. natalensis based on matching of mtDNA cytochrome b sequences.
Vkorc1 of wild-type M. natalensis (Haplotype 1) is more similar to wild-type Mus musculus than to wild types of Rattus species (Figure 2 ), probably reflecting their closer evolutionary relationship. At vkorc1's third exon's coding region, wild-type M. natalensis and Mus musculus share 5 nonsynonymous and 3 synonymous nucleotide substitutions in comparison with Rattus species (Figure 2 ). Wild-type M. natalensis also carries 4 synonymous nucleotide substitutions and an S103Y amino acid substitution compared to the wild types of both house mice and rats (Figure 2) .
Nucleotide sequence variations of vkorc1's third exon's coding region were found in 12 out of 162 M. natalensis examined (Figure 2 ; Table 1 ). Each of the 3 different SNPs in the vkorc1 exon 3 caused an amino acid change. One animal from Bwawani carried a histidine for arginine mutation at residue position 100, 9 animals across all 5 localities carried a valine mutation for leucine at VKORC1 residue 108, 1 animal from Morogoro carried a threonine for alanine mutation at residue 140, and 1 animal from Mikese carried both the Leu108Val and the Ala140Thr mutations (Figure 2 ; Table 1 ). All nonwild-type alleles were present in heterozygous form. One of these mutations, Ala140Thr, is one residue next to the Y139C/S/F mutation known to be involved in anticoagulant resistance in Rattus and Mus musculus (Figure 2) .
With the number of nonsynonymous sites at the vkorc1 third exon's coding region being 127/201, 2-fold synonymous sites 42/201 and 4-fold synonymous sites 32/201, the probability of observing nonsynonymous polymorphism is 2.8 times higher than a synonymous polymorphism. Therefore, the observation of 3 nonsynonymous SNPs versus zero synonymous SNPs in vkorc1 third exon does not differ from what can be expected under a neutral random mutation scheme.
Six SNPs were also detected in the vkorc1 exon 3's noncoding flanking regions; 3 upstream (C20T, G64T, and C200T) and 3 downstream (G481T, C500T, and C524T). Four of these were rare (detected in less than 5 animals), but allele frequencies of G64T were 92%/8% and of C500T were 73%/27% (Table 1) . SNP C200T was only detected at 1 site (2009_19) in Morogoro, and also always codetected with G64T, but not vice versa. This suggests C200T is a secondary mutation linked to G64T, which is unique to site 2009_19.
For 3 of the relatively common SNPs (1 causing the Leu108Val substitution, G64T and C500T-Table 1), the nonwild-type allele frequencies were compared between localities. Allele frequencies did not differ significantly between localities (χ 2 = 0.32, P = 0.99; χ 2 = 1.04, P = 0.90; χ 2 = 3.69, P = 0.45, respectively). For all nucleotide loci (both in coding and noncoding regions) and all localities, expected (Hs) and observed (Ho) were similar (Supplementary Table 1 online). There were thus no significant deviations from Hardy-Weinberg equilibrium, either at the grid or locality level, or when analyzing the entire sample as a whole (data not shown).
Discussion
In this study, we report the partial sequence and population polymorphism of vkorc1 from the Natal multimammate mouse M. natalensis. This is the first vkorc1 sequence data from a species outside the Rattus or Mus genera, and the first from a rodent species endemic to Africa.
We sampled field multimammate mice in a standardized way at different localities, without prior knowledge on resistance against anticoagulants. Nevertheless, the number of different SNPs observed in vkorc1's third exon and flanking regions was comparable to that in populations of other studied species (Figure 2) , where sampling was done after reports of resistance (Wang et al. 2008; Rost et al. 2009; Grandemange et al. 2010; Huang et al. 2011; Pelz et al. 2012; Andru et al. 2013) . SNP allele frequencies here were lower, however. Six SNPs were observed in the noncoding flanking region of vkorc1-exon 3, and 3 nonsynonymous SNPs in the coding region. None of the VKORC1 amino acid polymorphisms in the M. natalensis sample (Arg100His, Leu108Val, and Ala140Thr) had previously been reported in other species. However, Ala140Thr is just one residue next to the Y139C/S/F mutation that is widespread in several Rattus species and in Mus musculus (Figure 2 ) and which has been experimentally shown to cause substantial changes in VKOR activity and evoke anticoagulant resistance (Rost et al. 2004) . It is thus not unlikely that an Ala140Thr change would alter VKORC1 conformation and therefore VKOR activity too. Nucleotide alignment of vkorc1 exon 3 of wild-type Mastomys natalensis sequenced in this study, and the wild types of several Rattus species and Mus musculus for which previously sequence polymorphisms were detected in this gene region (Wang et al. 2008; Rost et al. 2009; Diaz et al. 2010; Grandemange et al. 2010; Huang et al. 2011; Pelz et al. 2012; Andru et al. 2013) . Nucleotide variants (deviations from the wild type) detected in natural populations are indicated in black squares above the sequence from each species. The resulting amino acid change is indicated in grey rectangles below the sequence for nonsynonymous variants. Amino acid changes that are known to confer anticoagulation resistance are marked with "*" . "?" indicates that a polymorphism was previously reported for that position, but the exact nucleotide change was not mentioned.
Because no synonymous SNPs were observed in the 201 bp coding region of M. natalensis vkorc1's exon 3, we could not determine pN/pS ratios (relative abundance of nonsynonymous and synonymous polymorphisms, as an estimation for the presence of positive selection (McDonald and Kreitman 1991) ). The observed number of 3 nonsynonymous SNPs did not deviate from what could be expected under a random mutation scheme, so we currently have no indications of positive selection acting on this gene region. Moreover, the nonwildtype alleles were present in very low frequencies (Arg100His: 0.3%, Leu108Val: 3.1%, Ala140Thr: 0.6%-Table 1), which were also in Hardy-Weinberg Equilibrium (Supplementary Table 1 online) . Thus, there were no signs of recent or strong selective sweeps through these M. natalensis populations. In Europe, resistance-allele frequencies in anticoagulant resistant R. norvegicus populations may reach 100% (Runge et al. 2013) . In Germany, Y139C allele frequencies of the commensal R. norvegicus were found to be higher in urban localities than in rural areas (Runge et al. 2013) . In this study, the vkorc1 allele frequencies, including those from noncoding loci in the flanking region, did not differ significantly between localities, and so did not differ between our urban locality (Morogoro) and the 4 rural localities.
Unlike R. norvegicus in most parts of the world, M. natalensis habitat is not solely dependent on human presence. M. natalensis experiences anticoagulant selection pressure in agricultural fields and domestic areas, but surrounding fields with natural vegetation can still harbor individuals which have not been exposed to anticoagulant poisoning. M. natalensis has indeed been shown to rapidly (re-)invade agricultural fields after pest control (Minten and Leirs 2002) . As such, a signal of positive selection on vkorc1 alleles after local rodenticide selection pressure could be quickly lost through random mating with conspecifics from unexposed sites. Therefore, we cannot discern whether selection was involved in maintaining the observed standing variation in vkorc1, or whether we are merely observing novel random mutations.
Selection pressure from other variables than rodenticides could also be involved in maintaining this standing variation in vkorc1. Vitamin K-deficient diets in general could elicit selection for specific VKORC amino acid sequences that may pleiotropically affect anticoagulant resistance. For example, some desert rodent species, such as the Egyptian spiny mouse (Acomys cahirinus) and the golden hamster (Mesocricetus auratus), are adapted to cope with their naturally vitamin K depleted granivorous diet, and as a result they are also highly resistant to anticoagulants (Mahmoud and Redfern 1981; Bradfield and Gill 1984) . M. natalensis, being an opportunistic generalist, might also receive selection pressure to such local or temporary unavailability of vitamin K in its widely variable diet.
On the other hand, it is possible that we missed signatures of selective sweeps related to anticoagulant resistance, because we did not sequence all genes involved in the vitamin K recycling pathway. These include the other exons and introns of vkorc1, but also the gene encoding for cytochrome P450 CYP2C9, and potentially still unidentified genes (Daly and King 2003) .
In conclusion, in this study on M. natalensis, the most serious agricultural pest of sub-Saharan Africa, we find 3 nonsynonymous SNPs in vkorc1's third exon as well as variation in its noncoding flanks. While experimental studies are needed to link these alleles to potential changes in VKOR activity, our results indicate a variation in anticoagulant susceptibility possibly exists in M. natalensis in Tanzania.
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